The Khaldzan Burgedei peralkaline complex is one of the potential rare metal (Zr-Nb-REE) deposits in Mongolia. The complex consists mainly of quartz syenite and granite, and zircon is the most common accessory mineral in the rocks. Based on texture and mineral paragenesis, zircon is classified into three types. Type-I zircons in the quartz syenite and granite are generally isolated and euhedral to subhedral, 25-100 µm in size, enclosed by albite, K-feldspar, and quartz. Type-II zircons occur as subhedral to euhedral 20-150 µm grains, with quartz, and fluorite in the metasomatized zone in the quartz syenite as well as an upper part of the granite near the contact with the quartz syenite. These zircons contain porous core parts (Type-I) or remnants of corroded xenotime-(Y) and synchysite-(Ce). Type-III zircons are observed in the hydrothermally altered zone in quartz syenite and pegmatite. These zircons are anhedral, fine-grained, 10-30 µm in size, and occur in amphibole pseudomorphs which were replaced by quartz, fluorite, chlorite, and hematite. Laser Raman spectra show that Type-I and Type-II zircons contain high amounts of water. Among these, three types of zircons, Type-II zircons are most enriched in REE, Nb, and Th. The texture and composition of the three types of zircons indicate that Type-I, Type-II, and Type-III zircons are magmatic, metasomatic and late hydrothermal in origin, respectively, and they experienced remobilization and recrystallization during the transition from a magmatic to a hydrothermal system.
In this complex, a variety of zirconium silicate minerals have been identified by previous researchers [5, 10] . Based on the melt inclusion geochemistry, Kovalenko et al. [5] discussed the HFSE enrichment in the complex being due mainly to the fractionation of granitic magma. Kempe [10] , in contrast, argued that the HFSE mineralization was due to magmatic and subsequent hydrothermal processes, later of which contributed to the enrichment of these elements significantly. They defined elpidite, gittinsite, and zircon by electron probe micro analyzer (EPMA) and scanning electron microscopy with energy dispersive X-ray (SEM-EDX). Although Kovalenko et al. [5] described how elpidite is the most common zirconium silicate mineral at Khaldzan Burgedei, Kempe et al. [9, 10] clarified that zircon is the dominant phase in the complex. Kempe et al. [10] described that magmatic zircons are overgrown by hydrothermal zircons and suggested that zirconium silicates including zircons are a potential host of HREE based on the positive correlation between Zr and REE concentration in the rocks. In this study, we focused on zircon occurrence and chemistry to understand the enrichment process of HFSE and REE in the complex. [12] . 
Geology of the Khaldzan Burgedei Complex
The Devonian (380-400 Ma) Khaldzan Burgedei peralkaline complex is located in the N-S trending Paleozoic-Mesozoic rift zone in Western Mongolia [11, 13] . It is located about 45 km northeast from the center of Khovd town.
The complex is oval-shaped, 7 km long and 5 km wide in size, and is elongated from the southeast-northwest direction. Geology around the complex consists of Vendian to Lower Cambrian sedimentary rocks and Ordovician biotite-amphibole granite (Figure 2a) . The complex has multiple intrusive phases which are subdivided into eight phases [5] . HFSE and REE mineralization is associated with the metasomatized quartz syenite and granite [5] . The study area covers a western part of these mineralized bodies where Mongolian Lantanoide Corporation conducted exploration work in 2011 [14] ( Figure 2b) .
On the surface, quartz syenite occupies a major part of the complex (90%) (Figure 2a ). The contact relation between quartz syenite and granite is either a sharp contact or intercalation of a 2-5.5 m thick transition zone, which consists of compositionally and texturally inhomogeneous rocks of syenite and pegmatite. The rock exhibits a miarolitic texture filled with pegmatitic amphibole, feldspar, and quartz. The quartz syenite is heavily metasomatized near the boundary of granite (Figure 2b ).
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Analytical Methods
Reconnaissance investigation of the whole complex was conducted to confirm the relationships between the intrusive rocks of the different units by surface geological mapping (Figure 2b ). We also observed one of the cores drilled by the Mongolian Lantanoide Corporation in 2011 [14] . The samples used in this study are the drill hole: BTTDH-11 (8.4-293 .4 m) (Figure 2c ). Chemical composition of a total of 244 samples collected from this drill hole was determined by X-ray fluorescence (XRF) and Inductively coupled plasma mass spectrometry (ICP-MS). The samples were basically collected from one meter core intervals. These samples were crushed and pulverized to conduct whole-rock major and trace element analysis. The X-ray diffraction (XRD) and ICP-MS analyses were conducted at the Geological Survey of Japan (AIST), and the Activation Laboratory, Canada, respectively.
Petrographic and mineralogical studies were conducted for 22 polished thin sections with an optical microscope, and major and associated minerals were identified by a JEOL scanning electron microscope JSM-6610LV at Akita University. Analytical conditions were; accelerating voltage of 15 kV beam current 20 nA, beam diameter 5-10 µm and counting times 100 s.
The chemical composition of zircon grains was determined by a JEOL JXA-8530F electron probe microanalyzer (EMPA) at the Geological Survey of Japan, AIST. Elements detected with qualitative analysis were measured quantitatively with an acceleration voltage of 20 kV, a beam diameter of 5 µm and counting times of 20 s. The following peak position has been selected: the K series of X-ray spectra were used for Si, Al, Fe, Ca, Mn, Ti, P, and Na; the L series for Zr, REE, Hf, and Nb; the M series for Th and U. 3 . All data were corrected with atomic number, absorption and characteristic fluorescence (ZAF) matrix-correction program. The structural formulae of the zircon grains were calculated on the basis of four oxygen atoms.
Laser Raman spectra of zircon were collected using a Renishaw RM200 Laser Raman Spectroscope at Akita University. The laser beam diameter was 0.1 µm, and the collecting time was 10 s.
Results

Petrography and Geochemistry
The results of the geological mapping, core logging, and petrographic study with modal analysis show two igneous units in the studied area; quartz syenite and granite (Figure 2b,c and Figure 3 ). The occurrence of chilled margin in the granite at the contact with the quartz syenite indicates that the quartz syenite is earlier than the granite in the intrusive phase. The drill hole BTDDH-11 core consists of quartz syenite in the upper part (0.0-147.0 m), underlain by a transitional zone (quartz syenite and granite shows a mingling characteristic) with pegmatites (147.0-162.0 m), and granite in the lower part (162.0-293.4 m) (Figure 2c ).
The quartz syenite (Figure 4a-d) is medium-to coarse-grained, holocrystalline and equigranular in texture. The unaltered/or weak altered part (0.0-14.0 m) of the quartz syenite mainly consists of arfvedsonite, K-feldspar, albite and quartz with accessory apatite, zircon, monazite, rutile, and titanite. The quartz syenite is affected by alkali metasomatism at the interval of 14.0-147.0 m. In this interval, feldspars are partly or completely replaced by albite. Most of the arfvedsonite is decomposed and replaced by fibrous aegirine and hematite, with interstitial fluorite, zircon, ilmenite, and quartz. In addition to this albitization, some parts of the rocks (58.0-106.0 m) are hydrothermally altered and fractured with chamosite, nontronite, calcite, hematite, fluorite with fluorite-quartz veinlets. These metasomatized and hydrothermally altered parts are enriched in HFSE and REE minerals, such as zircon, fersmite, pyrochlore, synchysite, bastnäsite, parasite, and xenotime. The granite (Figure 4e ,f) is fine to medium-grained, pinkish-grey, or yellowish-brown in color with rounded quartz, arfvedsonite, albite, and K-feldspar, and with accessory zircon, pyrochlore, and fluorite. Arfvedsonite, up to 0.5 cm, darkish-green and green in color, subhedral to anhedral in shape, shows twining and its marginal parts are replaced by aegirine and hematite. Feldspars are subhedral to anhedral and late-stage fluorite, and quartz veinlets cut some feldspar phenocrysts. Quartz occurs interstitially to feldspars. The upper part of the granite, the interval between 162.0-180.0 m in the drill hole becomes quartz rich compared to the lower part ( Figure 3) .
Pegmatite (Figure 4g -j) occurs as veins, miarolitic cavity fillings, or irregular shaped pods in width of several tens cm. They are found particularly near the boundary between granite and quartz syenite. The pegmatite is composed of quartz, K-feldspar, albite with fine arfvedsonite, and with accessory zircon and fersmite.
The relation between quartz syenite and granite is clearly shown by field evidence, and together with the mineralogy and bulk chemistry of these rocks, it is suggested that the peralkaline magma evolved from quartz syenite to granite with time. The general compositional characteristics of quartz syenite and granite in the Khaldzan Burgedei complex show (Table A1) Pegmatite (Figure 4g -j) occurs as veins, miarolitic cavity fillings, or irregular shaped pods in width of several tens cm. They are found particularly near the boundary between granite and quartz syenite. The pegmatite is composed of quartz, K-feldspar, albite with fine arfvedsonite, and with accessory zircon and fersmite.
The relation between quartz syenite and granite is clearly shown by field evidence, and together with the mineralogy and bulk chemistry of these rocks, it is suggested that the peralkaline magma evolved from quartz syenite to granite with time. The general compositional characteristics of quartz syenite and granite in the Khaldzan Burgedei complex show (Table A1) 
Zircon
Occurrence
Zircon is the most common accessory mineral in the quartz syenite and granite in this drill hole. Based on the mineral paragenesis and texture, these zircons are classified into three types (Type-I, Type-II, and Type-III) and Type-I is subdivided into three sub-types.
Type-I zircon in the quartz syenite is generally isolated, and euhedral to subhedral in crystal form. They are 25-100 µm in size, enclosed by albite, K-feldspar, or quartz (Figures 4 and 5) . The zircons hosted in feldspar (Ia) are earlier than those hosted in quartz (Ib). These zircons are commonly zoned, and metamict. Metamict zircon in the back scatter detector (BSE)image show darkish-grey, thin rim (Figure 5a-c) . Type-I zircons in granite (Ic) are also hosted in albite or K-feldspar, and less commonly quartz. They are euhedral in shape, compact and homogenous, although some of them are porous. They are sometimes corroded from the rims and include thin quartz band(s) in their crystals in the granite (Figure 5d ). This texture suggests that zircons crystallized when quartz was saturated in the granitic magma. In the Cathodoluminescence (CL) images, Type-I zircons show grey, darkish grey background and quartz, and albite shows a dark background (Figure 5c ,f).
Type-II zircons are frequently observed in the quartz syenite and granite. They occur as subhedral to euhedral 20-150 µm size grains, with quartz, fluorite, and chlorite (Figures 4 and 5). Zircons of this type are abundant in the metasomatized zone in the quartz syenite and upper part of the granite near the contact with the transition zone. Type-II zircons commonly form aggregates. These zircons enclose porous core parts (Type-I), and/or remnants of corroded xenotime-(Y) and synchysite-(Ce). Porous, inclusion-rich zircons with dark BSE intensity usually occur in central parts of grains (Figure 5g ,h). In spite of the absence of clear zoning in zircons under BSE images, these zircons may have weak sector zoning and/or exsolution lamella, bright in color. Some zircons in the quartz syenite, show two clear stages of formation, inner lighter euhedral porous zircon (Type-I) enclosed by outer darker euhedral zircons (Type-II) with a distinct crystal boundary. These rims are heterogeneous in brightness with an irregular brightness boundary. The CL images show dark and grey background, corresponding to higher, and lower trace element contents [15] , respectively, determined by EPMA.
In addition, the image shows a halo in surrounding minerals. Radiation damage of the minerals surrounding zircons is in some cases visible in thin sections and is especially conspicuous in quartz ( Figure 5l ).
Type-III zircons are observed in the heavily hydrothermally altered zone in quartz syenite and pegmatite with Type-II zircons. The zircons of this type are euhedral or anhedral, fine-grained, 10-30 µm in size and occur in amphibole pseudomorphs replaced by quartz with fluorite, chlorite and hematite in addition to zircon (Figure 5m -o). They are generally homogeneous, and some anhedral zircons have an envelope of synchysite-(Ce). The CL images show that these zircons have a dark to bright background.
Chemistry
Chemical compositions of the zircons analyzed are shown in Table A2 and Figure 6 and the averaged composition of each zircon type is shown in Table 1 and Figure 7 . Among the 198 zircon data, two data of which the total exceeds 103 wt % were excluded from the consideration.
The analytical data shows that only 40 data have the total between 99.00 and 101.00 wt %, and the others have the totals less than 99.00 wt %. The data of which total is less than 95 wt % is generally rich in U and Th, as well as FeO, suggesting metamictization with hematite and/or goethite. Zircons with low Zr content mainly occur in the metasomatized quartz syenite. These zircons contain abundant impurities such as Ca, Nb, Th, Fe, and REEs. Zircon in the granite shown opposite characteristic ( Figure 6 ). Variation for the Zr/Hf ratio is found: it is generally between 20 and 66, with most commonly average value at 46, suggesting significant fractionation between Zr and Hf ( Figures 6 and 7) . Increasing Hf concentration is assumed to reflect increasing degrees of differentiation [16] . Zr/Hf ratio values around 20 are found in the Type-III zircon, lower than chondrite Zr/Hf value is suggesting higher fractionation [17] and lower crystallization temperature [18] . The ratio between Si and Zr + Hf shows that Si dominates over Zr + Hf constantly. This suggests that Zr and Hf are substituted by other elements such as REE because a negative linear correlation between Zr + Hf and REE is observed.
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Type-III and Type-II zircons are highest (99.26 wt %) and lowest (96.66 wt %) in the average of analytical totals among these three types ( Figure 6 ). The total REE 2 O 3 content in zircon is 2.50 wt % on average, and it is higher (4.22 wt %) in Type-II than Type-I (1.91 wt %) and Type-III (2.56 wt %). High-REE Type-II zircons mainly occur in the highly metasomatized part of the quartz syenite ( Figure 6 ). The LREE/HREE ratio is 0.14 for Type-Ib, 0.18 for Type-Ic, 0.19 for Type-Ia, 0.17 for Type-II, and 0.22 for Type-III. In general, HREE is more enriched in the core parts than the rim parts in Type-I zircons, whereas it is opposite in Type-II zircons. 
Laser Raman Spectroscopy
Results of the Raman spectra show three type zircons have a damaging effect of radiation. Each Si-O peak in the spectra is shifted from the original position and molecular water peaks are detected (Figure 8) .
The Raman spectra of Type-I zircons show high Raman intensity and wave number shifts. The bands of the Si-O asymmetric stretching vibration at 1008 cm −1 are observed at 1001 cm −1 and the bands of the Si-O symmetric bending vibration are observed at 437 cm −1 . The strong Raman bands observed at 2237 and 2525 cm −1 are attributed to a Th compound. The molecular water vibration bands are observed at 3390 and 3600 cm −1 .
As shown in the Raman spectra, Type-II zircons show high Raman intensity and broad peaks. The bands of SiO 4 are observed at 978 cm −1 and 779 cm −1 and the bands of the Si-O symmetric bending vibration is observed at 437 cm −1 . The Th broad bands are observed at 2428 to 2465 cm −1 . The molecular water broad peak is observed between 3300 to 3700 cm −1 .
The Raman spectra of Type-III zircons show low intensity, and SiO 4 peaks are observed at 432 and 995 cm −1 . The Th bands are observed at 2032, 2233 and 2507 cm −1 . The spectra show very low molecular water vibration peaks at 3405 and 3614 cm −1 .
REE2O3 content in zircon is 2.50 wt % on average, and it is higher (4.22 wt %) in Type-II than Type-I (1.91 wt %) and Type-III (2.56 wt %). High-REE Type-II zircons mainly occur in the highly metasomatized part of the quartz syenite ( Figure 6 ). The LREE/HREE ratio is 0.14 for Type-Ib, 0.18 for Type-Ic, 0.19 for Type-Ia, 0.17 for Type-II, and 0.22 for Type-III. In general, HREE is more enriched in the core parts than the rim parts in Type-I zircons, whereas it is opposite in Type-II zircons.
As shown in the Raman spectra, Type-II zircons show high Raman intensity and broad peaks. The bands of SiO4 are observed at 978 cm −1 and 779 cm −1 and the bands of the Si-O symmetric bending vibration is observed at 437 cm −1 . The Th broad bands are observed at 2428 to 2465 cm −1 . The molecular water broad peak is observed between 3300 to 3700 cm −1 .
The Raman spectra of Type-III zircons show low intensity, and SiO4 peaks are observed at 432 and 995 cm −1 . The Th bands are observed at 2032, 2233 and 2507 cm −1 . The spectra show very low molecular water vibration peaks at 3405 and 3614 cm −1 . 
Discussion
Results of the zircon occurrence, mineral paragenesis, texture, and chemistry show that zircons formed at different stages (Type-I, II and III) have different characteristics as summarized in Table 2 . 
Results of the zircon occurrence, mineral paragenesis, texture, and chemistry show that zircons formed at different stages (Type-I, II and III) have different characteristics as summarized in Table 2 .
The Khaldzan Burgedei complex has the characteristics of peralkaline intrusive rocks, and the evolution of peralkaline magma formed quartz syenite and granite [5] .
Type-I zircon is the primary accessory mineral in the quartz syenite and granite. Mineral paragenesis shows that zircon became saturated in the quartz syenite magma before quartz saturation, resulting in the precipitation of Type-Ia zircons. This saturation then continued until the end of the granite and pegmatite formation. During the fractionation of the magma from quartz syenite to granite, zircons became more enriched in HFSE (e.g., Nb, Th, and Sn) and this suggests that HFSE became concentrated in the fractionated granitic magma. The hydrothermal activity started by alkali metasomatism followed by lower temperature hydrothermal alteration. The porous occurrence of Type-I zircons suggest of fluorine and sodium rich hydrothermal fluids leached HREEs from Type-I zircons and transported the host quartz syenite. Type-II zircons typically occur in the metasomatized and hydrothermal parts of the quartz syenite and include corroded REE carbonates and phosphates. They also include porous Type-I zircons in the cores. This occurrence suggests that Type-II zircons formed during the metasomatism [15] . The high concentration of Nb, Th, U and P in Type-II zircons indicate that metasomatic fluids reacted with Type-I zircons and/or phosphate minerals and extracted minor elements such as Th, U, and P which reprecipitated in Type-II zircons, resulting in a high concentration of these elements. The intimate association of fluorite with Type-II zircons and a higher concentration of Ca in Type II zircons suggest that addition of Ca into the hydrothermal fluids may have destabilized a zirconium-fluorite complex in the fluids, resulting in the precipitation of zircon and fluorite [19] . The highest concentrations of hydration in Type-II zircon suggested by the Raman spectra data and low analytical totals (EPMA) also suggest a metasomatic origin for Type-II zircons [20] .
Type-III zircons are latest and occur with fluorite and quartz. They formed in amphibole pseudomorphs. The pseudomorphs texture and mineral paragenesis is suggested this replacement reaction related to Ca-F bearing hydrothermal alteration. The low Zr/Hf ratios in the Type-III zircon suggest the fractionation of zirconium at a lower temperature [16, 17] . Due to a low crystallization temperature, Type-II zircons have chemical compositions closer to the stoichiometry, and this may have resulted in intimate synchysite-(Ce) crystallization with Type-III zircons.
Conclusions
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